The 0 antigens of Salmonella serogroups A, B, and D differ structurally in their side chain sugar residues.
the nucleotide sequence of 2.9 kb of DNA from the rjb gene cluster of strain Ty2 and the finding of two open reading frames which have limited similarity with the corresponding open reading frames of strain LT2. These two genes complete the sequence of the rib region of group D strain Ty2 if we use strain LT2 sequence where restriction site data show it to be extremely similar to the strain Ty2 sequence. The restriction map of the rib gene cluster in group A strain IMVS1316 (serovar paratyphi) is identical to that of the cluster in strain Ty2 except for a frameshift mutation in ribE and a triplicated region. The rib gene clusters of these three strains are compared, and the evolutionary origin of these genes is discussed.
Lipopolysaccharide is a major component of the outer membrane of gram-negative bacteria that consists of three parts: lipid A, an oligosaccharide core, and oligosaccharide repeat units. In Salmonella enterica, the oligosaccharide repeat units comprise three to six sugar residues and are responsible for 0-antigen specificity (14) . In S. enterica groups B, D, and A, the 0-antigen basic repeat units comprise four sugars, of which three form a backbone (mannosyl-rhamnosyl-galactose) common to the three groups. The fourth side chain sugar is a dideoxyhexose: abequose in group B, tyvelose in group D, and paratose in group A.
The genes essential for the synthesis and assembly of the 0 antigen in S. enterica are located in the rfb gene cluster (9) . In some strains, the basic structure is modified later by the addition of 0-acetyl or glucose residues, but this is not important for our study, as the genes do not map the rib locus. The three dideoxyhexose pathways diverge at the last step, with the only differences being the presence of CDPabequose synthase in group B but CDP-paratose synthase in groups A and D and an additional enzyme, CDP-paratose-2-epimerase, which converts CDP-paratose to CDP-tyvelose, in group D (18, 20) . These enzymes are encoded by the rfbJ gene in strain LT2 (serovar typhimurium group B) and the ribS and ribE genes in strains IMVS1316 (serovar paratyphi A group A) and Ty2 (serovar typhi group D), with rfbE functional only in strain Ty2 (18) .
We have shown previously (17) that the rib gene clusters of strains Ty2 and IMVS1316 have identical restriction maps, except that a 2.8-kb fragment (from positions 14.4 to 17.2) is triplicated in strain IMVS1316.
In the same paper (17) , we also compared the restriction maps of the rfb gene clusters of strains Ty2 and LT2 and showed that the two were closely related, with a region of limited similarity flanked by regions in which the DNA was almost identical. On the basis of similarity, the rib gene clusters could be divided into four regions (18) .
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Region A, which comprises the ends of the cluster from positions 0 to 11.7 and 16.5 to 22.8, is almost identical in the two strains and includes the rhamnose and mannose pathways and part of the common dideoxyhexose pathway (Fig.  1) .
In regions B, C, and D (from positions 11.7 to 16.5), there is only limited similarity (Fig. 1) . Region B includes rfbS or ribJ in strains Ty2 and LT2, respectively. The nucleotide sequences of these genes have been determined (18, 20) , and comparison of the sequence data suggests that the two genes have a common ancestor but diverged a very long time ago (18) . Region C is present only in strain Ty2 and comprises the ribE gene. In region D (from positions 13.6 to 16.5), there is a low level of similarity between strains Ty2 and LT2, detectable only by low-stringency hybridization (18) . The triplication in strain IMVS1316 referred to above was also located in this region.
As discussed above, ribS and ribE in strain Ty2 (region B and C) and rfbJ in strain LT2 (region B) are the only group-specific determinants required to account for the difference in 0-antigen specificity. We do not expect differences in the transferase, which attaches the dideoxyhexoses to the mannose residue, as the enzyme does not appear to discriminate between the three dideoxyhexoses (18) . Thus, the additional differences between these strains in region D were quite unexpected.
In this paper, we present the sequence within region D from strain Ty2, compare it with the corresponding region in strain LT2, and present sufficient sequence from strain IMVS1316 to establish the ends of the triplicated region.
MATERIALS AND METHODS
Media, enzymes, and reagents. Media were as described previously (6) . The enzymes KpnI, BamHI, EcoRI, NruI, Bal3l, and DNA T4 ligase were from Boehringer Mannheim.
Sequencing was done by using a kit from USB Cleveland, and oligonucleotides were synthesised by using an Applied Biosystems DNA synthesizer. Salmonella 04 antiserum was purchased from Wellcome. Bacterial strains and plasmids. S. enterica Ty2 (Ty2la) (5) and IMVS1316 (17) were sources of the chromosomal DNA for cloning. Plasmid pPR616 was made by cloning a 6.8-kb KpnI fragment (from positions 13.4 to 20.2) from the Ty2 rib gene cluster into pUC19 (Fig. 1) . The 1.8-kb EcoRI fragment (from positions 13.7 to 15.5) from the IMVS1316 rfb gene cluster was cloned into pBR325, and the restulting plasmid was named pPR437 (see Fig. 3 ). Plasmid pPR848 was made by cloning the 2.9-kb EcoRI fragment (from positions 15.5 to 18.4) of strain IMVS1316 into pUC18 (see Fig. 3 ).
DNA sequencing and DNA methods. The dideoxy chain termination method of Sanger et al. (15) was used for DNA sequencing. The sequencing of region D of strain Ty2 was based on the use of synthetic primers to extend the known sequence, as described below in Results. The deletion family used for sequencing one of the junctions of the triplication in strain IMVS1316 was made from plasmid pPR848 by digestion with NruI followed by Bal3l nuclease treatment (10) . The resulting fragments were cloned into M13mpl8 for sequencing with the universal primer. Other DNA methods were as described by Maniatis et al. (10) .
Computer analysis. The programs PepPlot, based on the method of Kyte and Doolittle (8) , and ALOM, based on the method of Klein et al. (7) , in the GCG package were used to identify potential transmembrane segments, and these transmembrane segments were further checked by using the algorithm described by Eisenberg et al. (3) . PREDICT (4) was the program used to predict protein secondary structure. All other programs used in this study were described in previous papers (6, 18, 20) .
Nucleotide sequence accession number. The sequence reported in this paper has been assigned the GenBank accession number M65054.
RESULTS
Sequence of region D of strain Ty2. In region D, shown in Fig. 1 , the DNA of strain Ty2 exhibits only a low level of similarity with the DNA of strain LT2 (17, 18) . In order to sequence this region, the KpnI-BamHI fragment (from positions 13.4 to 19.5) of pPR616 ( Fig. 1) was cloned into vectors M13mpl8 and M13mpl9. Sequencing was started at position 13.4, using the universal primer. At the other end, we used a synthetic oligonucleotide primer (position 16.5) based on the DNA sequence of strain LT2 (6) . Sequencing in both orientations was completed by using synthetic primers. The sequence thus obtained overlapped the known sequence of strain Ty2 (18) upstream (position 13.6) and the known sequence of strain LT2 (6) downstream (position 16.5).
There were two open reading frames (ORFs) found in the region sequenced (Fig. 2) . These ORFs correspond to two ORFs in strain LT2 and are named after them as orfl2.8 (Ty2) and orfl4.1 (Ty2).
orfl2.8 (Ty2) and orfl4.1 (Ty2). orfl2.8 (Ty2) has 1,296 bp, corresponding to a protein of 432 amino acids, which is 2 amino acids longer than orfl2.8 (LT2). orfl4.1 (Ty2) is 999 bp long, corresponding to a protein of 333 amino acids, which is the same length as orfl4.1 (LT2).
orfl2.8 and orfl4.1 are likely to have the same function in strains Ty2 and LT2, as discussed below. They are among the ORFs not allocated a specific function, so we are not yet able to confirm this possibility directly. However, in the case of orfl4.1, we were able to demonstrate identity of function by complementation. In another study (19) , an insertion mutation had been made in orfl4.1 of plasmid pPR1009 (6), which contains the whole rjb region of strain LT2. The insertion sequence carries a promoter and gives transcription of downstream genes such that the insertion would not have any polar effect. The loss of orfl4.1 results in loss of 0-antigen expression in the strain carrying this plasmid with the insertion, but when plasmid pPR616 was also present, function was restored, as detected by agglutination with Salmonella 04 antiserum. Thus, orfl4.1 of strain Ty2 has been shown to complement a mutation in orfl4.1 of strain LT2.
Sequences of junctions of the triplication in strain IMVS1316. Three sequences are required to determine the sites of the triplication (sites I, II, and III in Fig. 3 ). The 1.8-kb EcoRI fragment of strain IMVS1316 (from positions 13.7 to 15.5) in pPR437 containing site I (Fig. 3 ) was cloned into M13mpl9 with its orientation such that the universal primer would allow sequencing through position 13.7. The sequence was further extended by using a synthetic oligonucleotide, and the 872-bp sequence obtained was found to be 100% identical to the sequence in orfl2.8 (Ty2).
Site II was within orflS.4, which is expected to be identical in strains LT2, Ty2, and IMVS1316, and in this case the sequence of site II in strain IMVS1316 was taken to be the same as the sequence of orflS.4 (LT2) (6).
The 2.9-kb EcoRI fragment of strain IMVS1316 (from positions 15.5 to 18.4) in plasmid pPR848 contains site III (Fig. 3) . A deletion family was made from this plasmid, with the deletions starting from the NruI site, and the resulting inserts with deletions were transferred to M13mpl8 as described above in Materials and Methods. The 718-bp sequence thus obtained included 341 bp identical to the sequence in orflS. 4 The fragment hybridized to bands of 6.8, 9.6, 12. Regions B, C, and D of strain Ty2 occupy 4,825 bp, and regions B and D of strain LT2 occupy 3,626 bp. Note that although differences between rfbS and rfbJ and the presence or absence of rfbE both affect the positions of all DNA distal to these genes, we have used the position in strain LT2 for naming ORFs in strain Ty2 or92.8 (Ty2) and orfl4.1 (Ty2) and so on.
Genes of region D. or92.8 and or94.1 of strain Ty2 on average have 54.4% identity with orfl2.8 (LT2) and or94.1 (LT2) at the amino acid level, with no insertion or deletion differences other than one additional amino acid at each end of or92.8 (Ty2). orfl2.8 in each strain starts with GTG and has a poor Shine-Dalgamo region, whereas or94.1 in each strain starts with ATG and has a good Shine-Dalgarno region.
The hydrophobicity profiles of the deduced amino acid sequences of the two or92.8 proteins are very similar. or92.8 (Ty2) has 12 possible transmembrane segments, as has or92.8 (LT2), and all segments occur in corresponding positions in the two proteins (Fig. 4) . There are 193 nonsynonymous base substitutions, a large number of which substitute one hydrophobic amino acid for another. For example, there are 19 Leu-Ile substitutions, 17 Ile-Val substitutions, and 12 Leu-Val substitutions. This suggests strongly that or92.8 has the same structure and function in both strains, but we have not yet been able to demonstrate this. We have argued previously (6) that or92.8 (LT2) does not encode any of the known rib functions but is the one gene surplus to the known minimum requirements. We also suggested that it encodes a transmembrane protein which may be involved in oligosaccharide transport or may act as membrane anchor for the other transferases.
or94.1 (Ty2) clearly resembles orf94.1 (LT2), as, again, the amino acid substitutions do not affect charge distribution, predicted secondary structure, or hydrophobicity profiles of the protein. In this case, we have been able to show that or94.1 (Ty2) complements a mutation in or94.1 (LT2), and thus, on the grounds of great similarities of the predominant protein properties and of genetic complementation, or94.1 is believed to have the same function in both strains.
Noncoding parts of region D. We found no homology between the two untranslated regions, i.e., 39 bp upstream of or92.8 (Ty2) (18) and 84 bp upstream of or92.8 (LT2) (6) . The termination codon of rflS and the start codon of rfbE overlap, so there is no sequence between them which could be homologous with the untranslated sequence of LT2.
At the other end of region D, there are 318 bp between orf94.1 and or95.4 in strain LT2 (6) and 574 bp in strain Ty2.
Again, we can find no homology. G+C content. The overall G+C contents and P1, P2, and P3 (the corrected G+C contents of codon bases 1, 2, and 3 [16] ) of orfl2.8 (Ty2) are 0.32, 0.39, 0.32, and 0.24, respectively, and those for orfl4.1 (Ty2) are 0.33, 0.37, 0.36, and 0.24, respectively. All these values are comparable to those for the corresponding ORFs in strain LT2 (6) and for the genes rfbJ, rfbS, and rfbE. The G+C contents of untranslated sequences are 0.29 and 0.24 in strains Ty2 and LT2, respectively. However, the G+C content of the Salmonella chromosome is 0.51 (12) , and the values for P1, P2, and P3 for most Salmonella genes are quite different (16) . The low overall G+C content of these regions shows that the DNA must have been derived from a low-G+C-content organism and inserted into the chromosome by recombination, as argued previously (18) . The values for P1, P2, and P3 for the genes sequenced show that, as for r]bJ and rtbS, the DNA has not been in Salmonella spp. long enough for significant genetic drift to have occurred (18, 20) . Since all of these genes in regions B, C, and D have DNA of similar properties and since, with the exception of region C, which is absent in strain LT2, the ORFs of strain Ty2 correspond on a one-toone basis with those of strain LT2, it seems likely that the DNAs of regions B, C, and D were imported into groups B and D from a common ancestral species. orfl2.8 and orf94.1 show essentially the same level of divergence when Ty2 and LT2 forms are compared (Table  1) , but rfbS and rfbJ show considerably greater divergence, and indeed the two halves of ribS and rfbJ are not the same in this regard ( Table 1 ). The genes rfbS and rfbJ encode related enzymes (18) , and we suggest that the greater divergence results from adaptation to different functions rather than from greater divergence time and that more changes have been required in an amino-terminal domain than in a carboxy-terminal domain. This result is consistent with our hypothesis (18) , expressed earlier in terms of regions of DNA, that the group of three genes (ribS/rfbJ, orfl2.8, and orf94.1) have remained together since the two forms diverged, with either the addition of rfbE to group D or its loss from group B as the only macroevolutionary event. Divergence must have occurred long ago, as the similarity is far less than between homologous genes of Escherichia coli and Salmonella spp., which have about 20% difference in sequence (2) mostly due to synonymous changes at base 3, and which diverged about 120 to 160 million years ago (13).
Recombination events. We have put forward a model for the recombination events involved in the evolution of the rib region of strains Ty2 and LT2 (18) . Now that we have the full sequence of the rib region of both strains and know that the region includes segments of different G+C contents (6), we have to extend our earlier model (18 17.4 (on the map of strain Ty2) towards the end of orfl5.4 (Fig. 1) .
The junction at position 11.7 must be the site of two separate recombination events. One possibility is that a recombination to generate either the LT2 or the Ty2 form that involved the insertion of 0.32-G+C-content DNA (from positions 11.7 to 17.4) between 0.44-and 0.40-G+C-content segments (6) was followed by a recombination event in which the Ty2 segment from positions 11.7 to 16.5 was replaced by the LT2 segment from positions 11.7 to 15.4.
The first event was probably an illegitimate recombination event (11) not dependent on homology. The second event presumably did depend on homology, and at position 11.7, although the intergenic region is short, there is some similarity between strains LT2 and Ty2, since, with gaps inserted, the sequences can be represented as CAAIT[ -----------AlCTAICIGGTfIAflGCG (LT2) and ---'l'lG AGGGGGGGGGAflCCCTCIA-TGAhrlC-(Ty2) (homologous bases are underlined). The second recombination at position 16.5 probably also involved a short sequence of perhaps only a few bases of limited similarity, which may have been lost since recombination.
We have no means at present of ordering the recombination events involved in assembling regions of different G+C contents common to both strains Ty2 and LT2 or of relating these events to those involving regions B, C, and D discussed above. However, in view of the absence of any indication that the third base has adjusted to the Salmonella G+C content (12) , it seems reasonable to assume that assembly of these rib regions occurred in a low-G+C-content species. It is also possible that the Ty2 form of the central region of the rJb gene cluster was imported first and had more time for the G+C content to drift towards the higher Salmonella level, as suggested by the G+C content of the noncoding DNA of strain Ty2, which is higher than that of strain LT2. Triplication in strain IMVS1316. The triplicated region in the rib gene cluster of strain IMVS1316 starts in orfl2.8 (position 14.4) and ends in orfJS.4 (position 23.0 of strain IMVS 1316 and position 17.2 of strain Ty2) (Fig. 3) . Each of the three 2,885-bp segments contains the last part of orfl2.8, all of orfl4.1, and the first part of orfpS.4 (Fig. 3) . The sequences at the ends of the triplicated segment were determined, and there is no evidence of any transposition or structural repeats at the junctions. Presumably the region was first duplicated by an illegitimate recombination event and then triplicated by a homologous recombination between the two segments. Note that the triplicated segment starts in region D and extends into region A, indicating that the duplication happened after strains Ty2 and LT2 diverged. The junction between orflS. 4 and orfl2.8 generated by the triplication is in frame for translation, and the overall effect is to give two additional copies of orfl4.1 and two copies of a chimeric gene, orflS.4: :orfl2.8 (Fig. 3) . We have no reason to believe that the chimeric protein is functional or that the triplication has any effect on function of the cluster, as no gene is lost. The triplication seems to be widely present in paratyphi A strains but absent in the two other group A strains tested.
In summary, we have completed the sequencing of the 
